In skeletal myoblasts, Ras has been considered to be a strong inhibitor of myogenesis. Here, we demonstrate that Ras is involved also in the chemotactic response of skeletal myoblasts. Expression of a dominant-negative mutant of Ras inhibited chemotaxis of C2C12 myoblasts in response to basic fibroblast growth factor (bFGF), hepatocyte growth factor (HGF), and insulin-like growth factor 1 (IGF-1), key regulators of limb muscle development and skeletal muscle regeneration. A dominant-negative Ral also decreased chemotactic migration by these growth factors, while inhibitors for phosphatidylinositol 3-kinase and mitogen-activated protein kinase kinase (MEK) showed no effect. Activation of the Ras-Ral pathway by expression of an activated mutant of either Ras, the guanine-nucleotide dissociation stimulator for Ral, or Ral resulted in increased motility of myoblasts. The ability of Ral to stimulate motility was reduced by introduction of a mutation which prevents binding to Ral-binding protein 1 or phospholipase D. These results suggest that the Ras-Ral pathway is essential for the migration of myoblasts. Furthermore, we found that Ras and Ral are activated in C2C12 cells by bFGF, HGF and IGF-1 and that the Ral activation is regulated by the Ras-and the intracellular Ca 2؉ -mediated pathways. Taken together, our data indicate that Ras and Ral regulate the chemotactic migration of skeletal muscle progenitors.
Migration of skeletal muscle precursor cells is a crucial step in skeletal muscle development and postlesional muscle regeneration. In vertebrate limb development, myogenic precursor cells actively migrate from the lateral lip of the dermomyotome into the limb buds, where they terminally differentiate (7, 48, 55) . During migration, cells are prevented from myogenic differentiation (1, 27, 63) . These processes seem to be governed by a diverse array of signaling factors that are secreted from adjacent tissues, including the limb buds (6, 15, 36 ). An initial determination of migratory limb muscle precursors is thought to be achieved by upregulation of several transcription factors such as Pax-3 (3). Pax-3 induces the expression of c-Met, a tyrosine kinase receptor for hepatocyte growth factor (HGF) (also known as scatter factor), leading to HGF-guided migration of myogenic precursor cells from the dermomyotome into the limb buds (5, 8, 23, 38) . Fibroblast growth factors (FGFs), which regulate outgrowth and patterning of limbs (44, 52) , act as chemoattractants for several kinds of limb bud cells, including myogenic precursor cells (4, 42, 72) . Thus, HGF and FGFs are likely to induce the movement of myogenic precursors for the patternings of limb skeletal muscle. Besides HGF and FGFs, insulin-like growth factor 1 (IGF-1) has been suggested to be involved in limb muscle formation (12) (13) (14) , although it is unknown whether IGF-1 can act as a chemoattractant. These three factors also seem to be involved in postlesional regeneration of skeletal muscle, which requires the migration of skeletal muscle satellite cells (9, 16, 19, 25, 28, 40, 41, 43, 71) .
Ras (H-, K-, or N-Ras) is one of a number of small GTPbinding proteins that function as molecular switches by cycling between active GTP-and inactive GDP-bound states (32) . The ratio of the two states is regulated positively by guanine-nucleotide exchange factors (GEFs) and negatively by GTPaseactivating proteins (GAPs). A variety of growth factors coupled to receptor tyrosine kinases induce Ras activation. Ras activates multiple effectors, including Raf (i.e., A-Raf, B-Raf, and Raf-1), Ral GEF (i.e., RalGDS, Rlf, and Rgl), and phosphatidylinositol 3-kinase (PI3K) (69, 75) , and plays an important role in several cellular processes, such as proliferation and differentiation.
Recent reports suggest the involvement of Ras in cell motility. For instance, cell migration in wound healing, FGFstimulated motility of endothelial cells, platelet-derived growth factor-stimulated chemotaxis of fibroblasts, and HGF-induced scattering of epithelial cells are dependent on Ras activity (17, 22, 34, 60, 62) . A Dictyostelium mutant lacking Ras GEF or a subtype of Ras has been reported to have a defect in cell movement (26, 68) . The Caenorhabditis elegans ras homologue, let-60, mediates a gonadal signal required for the migration of sex myoblasts (65) . For Drosophila melanogaster, expression of a dominant-negative Ras mutant inhibits the migration of the border cells during oogenesis (39) . In addition, an activated mutant of Ras partially substitutes for breathless, a Drosophila FGF receptor homologue, in the migration of tracheal cells (59) . Thus, Ras seems to function as a crucial regulator of cell motility. However, Ras involvement in migration of mammalian skeletal muscle cells has not been investigated. In this study, to examine the role of Ras in the migratory response of skeletal muscle precursors, we utilized C2C12 myoblasts (78) as an in vitro model system, since it has been demonstrated that, when implanted into mouse muscles, C2C12 cells can migrate toward areas of muscle injury and regeneration to form myofibers (71) . Here, we demonstrate that Ras and its downstream molecule, Ral, are involved in the regulation of myogenic cell migration.
RESULTS
Chemotactic response of C2C12 myoblasts to growth factors. In order to study the chemotactic behavior of C2C12 myoblasts in response to growth factors, we performed an in vitro migration assay with the multiwell chemotaxis chamber. In this assay, cells in an upper chamber migrate through an extracellular matrix protein (ECM)-coated nucleopore filter to a lower chamber, which includes a higher concentration of chemotactic factors. In preliminary experiments, we observed that C2C12 myoblasts migrated to bFGF, HGF, IGF-1, and platelet-derived growth factor but that they migrated hardly at all to transforming growth factor-␤, interleukin-15, or bone morphogenetic protein-4 (data not shown). For further studies, we selected bFGF, HGF, and IGF-1, whose involvement in skeletal muscle development and regeneration had been indicated. As shown in Fig. 1A , bFGF, HGF, and IGF-1 significantly stimulated migration of C2C12 myoblasts. Among them, IGF-1 showed the highest chemotactic activity toward C2C12 cells. We carried out a checkerboard analysis (79) and confirmed that the observed migratory response is mainly chemotaxis, a directional migration along a gradient of factors (data not shown). Since IGF-1 has not been reported to be a chemoattractant for myoblasts, we confirmed our results using primary skeletal muscle satellite cells, skeletal muscle progenitors in adult myofibers (63) . Consequently, satellite cells also showed the capability to migrate toward all the growth factors (Fig. 1B) . As in the case of C2C12 myoblasts, the highest chemotactic activity was observed for IGF-1. The results sug- gest that IGF-1, as well as bFGF and HGF, is a chemotactic factor for skeletal muscle precursors.
Ras and Ral are involved in chemotaxis of myoblasts. To test the possible involvement of Ras in the chemotactic migration of myoblasts, we established several C2C12 clones that express a dominant-negative mutant of H-Ras (Ras S17N ) in an isopropyl-␤-D-thiogalactoside (IPTG)-dependent manner. One of these clones, designated C2-Ras S17N , was used for further analyses, since this clone expresses Ras S17N in excess of endogenous Ras in the presence of IPTG (Fig. 2 ). After induction of Ras S17N , a migration assay was performed for bFGF, HGF, and IGF-1. Expression of Ras S17N significantly inhibited migration of myoblasts in response to all factors (Table 1) . Since cell adhesiveness toward ECM was not affected by Ras S17N expression (Fig. 3A) , the inhibition of migration by Ras S17N was not due to the reduction of initial attachment of cells to the ECM-coated filters. Therefore, it is suggested that Ras is required for the migration of C2C12 myoblasts in response to bFGF, HGF, and IGF-1.
Ras is known to activate at least three pathways, the Rafmitogen-activated protein kinase kinase (MEK)-extracellular signal-regulated kinase (ERK), the PI3K-Akt, and the Ral GEF-Ral pathways. To examine the involvement of Raf-and PI3K-exerted signaling pathways in the chemotaxis of C2C12 cells, we utilized specific inhibitors for MEK (U0126) and PI3K (LY294002). Neither 10 M U0126 nor 10 M LY294002 exhibited a substantial effect on the chemotactic migration of C2C12 cells (Table 1) . We confirmed that, at these concentrations, the inhibitors could abolish IGF-1-induced phosphorylation of ERK and Akt even after a 2-h treatment of cells, suggesting that the activity of ERK and Akt was suppressed throughout the migration assay (data not shown). Therefore, the Raf-ERK and the PI3K-Akt pathways may not be essential for C2C12 migration toward bFGF, HGF, and IGF-1. We next determined whether the Ral GEF-Ral pathway is involved in the chemotactic response. For this purpose, we generated a C2C12 clone (C2-Ral S28N ) that inducibly expresses a dominant-negative RalA (Ral S28N ) (Fig. 2 ). As shown in Table 1 , overexpression of Ral S28N reduced chemotactic migration by bFGF, HGF, and IGF-1. Cell adhesion onto ECM was not affected by Ral S28N expression (Fig. 3B ). These results suggest that activation of the Ral GEF-Ral pathway downstream of Ras is essential for the chemotactic migration of C2C12 myoblasts.
Activation of Ras and Ral stimulates motility of myoblasts. We investigated whether activation of the Ras-Ral GEF-Ral pathway stimulates motility of C2C12 myoblasts. First, we examined the effect of an activated mutant of H-Ras (Ras G12V ) on cell motility. When Ras G12V was transiently expressed in C2C12 cells, transfected cells showed higher motility (Fig. 4A) , suggesting that Ras activation leads to an increase of cell motility in C2C12 cells. Second, we tested the ability of Ral GEF to stimulate the motility of C2C12 cells. For this, we used two mutants: Ras G12V,E37G , an effector-domain mutant of Ras that is capable of activating Ral GEFs but not Raf and PI3K (74) , and RalGDS-CAAX, an activated mutant of RalGDS (45) . When these mutants were transiently expressed in C2C12, both transfected myoblasts displayed higher motility than the mock transfectant ( Fig. 4B and C) . Finally, we examined the effect of a constitutively activated RalA (Ral G23V ) and found that transient expression of Ral G23V in C2C12 myoblasts also stimulated cell motility (Fig. 4D) . These data suggest that activation of the Ras-Ral GEF-Ral pathway can increase the motility of C2C12 cells.
It was reported that Ral binds to its effector molecules, RalBP1 (also known as RLIP76, RIP1, or cytocentrin) (10, 31, 56, 58) and phospholipase D (PLD) (29) a Results are the means Ϯ the SE of at least three separate experiments. b C2-Ras S17N and C2-Ral S28N cells were cultured in the presence or absence of IPTG (5 mM) for 1 day and then subjected to migration assay. The cell number obtained in the absence of IPTG was set to 100%.
c U0126 or LY294002 was added to both lower and upper chambers at a concentration of 10 M on initiation of the assay. The cell number obtained in the absence of U0126 or LY294002 was set to 100%. S17N or Ral S28N does not affect cell adhesion. C2-Ras S17N (A) and C2-Ral S28N (B) cells were cultured for 1 day in the presence (ϩ) or absence (Ϫ) of IPTG (5 mM). Then a cell adhesion assay was performed as described in Materials and Methods. The cell number obtained in the absence of IPTG was set to 100%. Results are the means Ϯ the SE of at least three experiments.
FIG. 3. Expression of Ras
region and the amino-terminal 11 amino acids, respectively. Thus, we examined whether these two molecules are involved in cell motility using two Ral mutants: Ral G23V,S49N , an effector region mutant of Ral lacking affinity to RalBP1 (10); and Ral G23V,⌬N , which cannot bind to PLD due to a deletion of the amino-terminal 11 amino acids (29) . Consequently, C2C12 myoblasts expressing either of the above two Ral mutants exhibited much lower motility than those expressing Ral G23V (Fig. 4D ). Therefore, it is possible that both RalBP1 and PLD are involved in Ral-mediated cell migration.
Ras and Ral are activated by chemotactic signals. In order to investigate whether Ras and Ral are indeed activated in C2C12 cells during chemotactic migration, we performed a pull-down assay to measure the number of the GTP-bound forms of Ras and Ral within C2C12 cells. Figure 5 shows that Ras-GTP and Ral-GTP accumulated in C2C12 cells in response to bFGF, HGF, and IGF-1, suggesting that Ras and Ral are activated by these factors. However, the extents of Ral activation by these three factors were not parallel to those of Ras activation. Activation of Ras was strongly stimulated by bFGF but stimulated only moderately by HGF and IGF-1. On the other hand, IGF-1 showed the highest activity for Ral activation. These data raise the possibility that Ral may be activated, in part, in a Ras-independent manner.
We thus examined whether Ral activation by the growth factors is mediated by Ras in C2C12 myoblasts. IGF-1 was chosen for this analysis since it possesses the greatest ability to stimulate the Ral activation, as well as the migration of C2C12 cells, among the three factors. In C2-Ras S17N cells, IPTGinduced expression of Ras S17N inhibited Ral activation by IGF-1, though only partially (Fig. 6A) . Western blotting analysis confirmed that Ras S17N expression did not affect the amount of endogenous Ral (Fig. 6A) . The inhibition was not due to the downregulation of IGF-1 receptor by Ras S17N , since the expression of IGF-1 receptor and the IGF-1-induced tyrosine phosphorylation of IGF-1 receptor were not affected by IPTG treatment (data not shown). Therefore, the results suggest that IGF-1-induced activation of Ral is mediated by Ras. The reason for the partial inhibition by Ras S17N was not insufficient expression of this dominant-negative mutant, because IPTG treatment of C2-Ras S17N cells inhibited almost completely the IGF-1-induced phosphorylation of ERK (Fig. 6A) . Thus, our data suggest that there is a Ras-independent pathway, as well as the Ras-dependent pathway, downstream of the IGF-1 receptor for Ral activation.
It has been reported that an increase in intracellular Ca 2ϩ leads to Ral activation through a Ras-independent pathway (24, 49, 76, 80) . Since IGF-1 induces the increase of intracellular Ca 2ϩ in C2C12 cells (data not shown), we explored the possibility that Ral activation by IGF-1 is mediated by Ca 2ϩ . When cells were treated with an intracellular Ca 2ϩ chelator, BAPTA-AM, Ral activation by IGF-1 was partially suppressed (Fig. 6B) . The suppression was not through the inhibition of Ras activation, since BAPTA-AM treatment conversely augmented IGF-1-induced Ras activation (Fig. 6B, bottom) . The results suggest that the IGF-1-induced Ral activation is mediated also by Ca 2ϩ increase. Based on the present data, it seems that IGF-1 activates Ral through at least two pathways: the Ras-dependent pathway and the Ca 2ϩ -dependent pathway. To confirm this, we investigated the effect of the activated mutant of Ras and a Ca 2ϩ ionophore, A23187, on Ral activation. In C2-Ras G12V cells, which express Ras G12V in an IPTG-dependent manner (data not shown), either Ras G12V or A23187 alone induced Ral activation slightly, whereas the combination of two stimuli resulted in a significant activation of Ral (Fig. 6C) . We confirmed that the amount of endogenous Ral was not affected by the expression of Ras G12V (Fig. 6C ) and that A23187 treatment showed no effect on the basal activity of Ras (data not shown). Therefore, it is likely that Ras and intracellular Ca 2ϩ act coordinately in the activation of Ral by IGF-1.
DISCUSSION
In this study, we identified IGF-1 as a new chemoattractant for myoblasts. The dominant-negative mutants of Ras and Ral inhibited chemotaxis of C2C12 cells in response to bFGF, HGF, and IGF-1, and activation of the Ras-Ral GEF-Ral pathway stimulated myoblast motility. All three growth factors induced activation of Ras and Ral. These results indicate that Ras and Ral are involved in the migration of skeletal muscle precursor cells towards bFGF, HGF, and IGF-1.
Previously, the role of Ras in cell migration was studied with epithelial cells. As is the case with myoblasts, Ras is required for the locomotion of epithelial cells by HGF (22, 60) . However, the signaling pathways downstream of Ras for chemotaxis seem different between myoblasts and epithelial cells. Epithelial cells require activation of PI3K and ERK for HGF-stimulated migration (33, 57, 61) . On the other hand, inhibitors for PI3K and MEK had little effect on the chemotactic migration of C2C12 cells (Table 1) . Furthermore, a combination of two inhibitors did not further inhibit the migration of C2C12 cells expressing the dominant-negative Ral (J. Suzuki, Y. Kaziro, and H. Koide, unpublished data). These results suggest that, although PI3K and ERK may somehow be involved in chemotactic response of C2C12 cells, their contribution is not as large as that of Ral and that the signaling pathways for the Rasmediated migration vary among cell types.
Here, we demonstrated that the dominant-negative mutant of Ral inhibits the chemotactic migration of C2C12 cells and that ectopic expression of Ral G23V stimulates motility in the absence of chemotactic factors. Furthermore, the profile of Ral activation by FGF, HGF, and IGF-1 corresponded well to the ability of these factors to induce myoblast migration. These results strongly indicate that Ral is involved in the chemotactic migration of mammalian myoblast cells. Since Ral has been implicated in border cell migration during Drosophila oogenesis (39), Ral involvement in cell motility may be evolutionally preserved. The present data also suggest the possibility that Ral may participate in the chemotaxis of other cell types, such as lymphocytes, since Ral is activated by chemoattractants for lymphocytes, such as formyl Met-Leu-Phe, platelet-activating factor, and lysophosphatidic acid (24, 49, 76, 77) .
The mechanism underlying the Ral-stimulated motility of myoblasts is presently unknown. Thus far, three types of putative effectors for Ral have been identified: RalBP1, PLD, and filamin (10, 29, 31, 51, 56, 58) . Experiments with the Ral   FIG. 5 . Basic FGF, HGF, and IGF-1 induce activation of Ras and Ral. C2C12 cells were starved for 2.5 h in DMEM containing 0.1% BSA and stimulated by bFGF (50 ng/ml), HGF (50 ng/ml), or IGF-1 (50 ng/ml) for 6 min at 37°C. Then cells were lysed, and the amounts of Ras-GTP or Ral-GTP in the lysates were determined by pull-down assay, as described in Materials and Methods. mutants suggest that RalBP1 and PLD are possibly involved in motility. RalBP1 has the GAP domain for Rac1 and Cdc42, well-known regulators of the actin cytoskeleton (10, 31, 56) , and PLD activation results in actin stress fiber formation (11) . Accordingly, to stimulate the cell motility of C2C12 cells, Ral may modulate actin cytoskeleton dynamics by controlling the activities of RalBP1 and PLD. On the other hand, a recent paper suggests that RalBP1 regulates endocytosis of epidermal growth factor and insulin receptors (50) . Endocytosis is an essential process in cell motility, since recycling of integrins, receptors for ECM, from the rear of the cell to its leading edge requires endocytosis of integrins at the rear end (37) . PLD is also known to be involved in membrane trafficking and vesicle transport (30) . Therefore, it is also possible that Ral may stimulate cell motility by recycling membrane proteins, including integrins. As for filamin, its involvement in the Ral-dependent cell movement is unknown. However, since filamin is a downstream intermediate in Cdc42-mediated filopodia formation (51), Ral may also utilize filamin for cell migration.
We showed that IGF-1 utilizes both the Ras-and the Ca 2ϩ -mediated pathways for the regulation of Ral activity. Since HGF and bFGF are reported to induce the increase of intracellular Ca 2ϩ (46, 47, 67) , these growth factors may activate Ral through the Ras-and the Ca 2ϩ -dependent pathways. The use of the Ca 2ϩ -dependent pathway, in addition to the Rasdependent pathway, for Ral activation may be the reason why the level of Ral activation by the growth factors does not correlate to Ras activation. We speculate that the biological significance of the differential activation between Ras and Ral is that, besides the regulation of cell motility through Ral, Ras plays extra roles in migrating myoblasts through the other effectors. For example, bFGF, which only slightly activates Ral in spite of a marked activation of Ras (Fig. 5) , strongly inhibits skeletal muscle differentiation (54; Suzuki et al., unpublished data). Since Ras is a strong inhibitor of myogenic differentiation (53), it is possible that bFGF activates Ras not only to increase cell motility but also to inhibit myogenesis.
Several mechanisms of Ca 2ϩ -dependent Ral activation have been suggested. It has been reported that Rap1 activation is rapidly induced by the increase of Ca 2ϩ concentration (18, 76) . Since Rap1 can activate Ral GEF in a certain type of cell (80) , it is possible that Ca 2ϩ -mediated activation of Rap1 leads to the activation of Ral in C2C12 cells. Alternatively, it is also possible that Ral is activated by interaction with Ca 2ϩ -calmodulin, although Ca 2ϩ -calmodulin is a less effective GEF for Ral than Ral GEFs are (70) .
IGF-1-induced Ras activation was found to be effectively promoted by BAPTA-AM treatment (Fig. 6B) . Furthermore, it was also found that the addition of BAPTA-AM to C2C12 cells by itself can induce Ras activation (Suzuki et al., unpublished data). The precise reason for the observed activation of Ras in the presence of BAPTA-AM is presently unknown. However, since Ras GAPs possess the Ca 2ϩ -dependent phospholipid-binding domain (20) , it is possible that BAPTA-AM treatment might interfere with the activities of Ras GAPs.
We demonstrated that bFGF, HGF, and IGF-1 act as chemotactic factors for C2C12 cells and primary human muscle satellite cells. It has been reported that FGFs and HGF act as chemoattractants for myoblasts in vivo. Expression of FGFs is observed in the limb buds, including the apical ectodermal ridge and the underlying mesenchyme (44) , and interaction between FGFs and their receptors is important for myogenic cell migration from somites to limb buds (27) . Expression of HGF is observed in the limb bud along the migrating routes of myogenic progenitors (5) . Furthermore, c-met-deficient mice show a defect in migration of myogenic progenitors into the limb buds, which causes complete loss of skeletal muscle of the limb (5). Thus, it is likely that FGFs and HGF are guide molecules for skeletal muscle precursor cells from the dermomyotome to the limb buds (38, 72) . Unlike bFGF and HGF, IGF-1 has not been shown to be a chemoattractant for myoblasts, and the biological significance of IGF-1-stimulated myoblast migration is unknown. It has been reported that, like FGFs, IGF-1 is expressed in the apical ectodermal ridge and the underlying mesenchyme (13, 21, 64) . In addition, IGF-1 is required for FGFs to promote limb bud outgrowth (12) . Therefore, IGF-1 may induce distal migration of myogenic cells in the limb buds during skeletal muscle development. Another possibility is that IGF-1-induced migration may be involved in the postlesional regeneration of skeletal muscle. In injured skeletal muscle, several growth factors, including IGF-1, are locally produced by regenerating muscle cells and inflammatory cells to regulate proliferation and differentiation of satellite cells (9, 16, 19, 25, 28, 40, 41, 43) . Thus, IGF-1 may attract satellite cells into muscle regenerating areas.
